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Abstract :This paper covers studies on machinability of
aluminum-silicon carbide particulate metal matrix composites
(Al-SiCp MMCs) with abrasive waterjets (AWJs) produced by
two different types of abrasives. Four different compositions of
Al-SiCp MMCs were processed with 60, 80 and 120 mesh size
garnet and SiC abrasives with a view to identify the correct type
and size of abrasive for effective processing of MMCs with
AWJs. The maximum penetration ability of AWJs in different
MMCs was examined by conducting the experiments on a wedge
shaped Al-SiCp MMC specimens, prepared with stir casting
method. Optical micrographs of MMC samples and scanning
electron microscopic (SEM) examination of AWJ cut surfaces
enabled to explain the trends of material removal with both types
of abrasives. Analysis of results clearly indicated the choice of 80
mesh size SiC abrasives for effective processing of Al-SiCp
MMCs with AWJs.

erosion and plastic deformation when high velocity
waterjet with abrasives interacts with target materials.
In AWJC, a large number of process parameters such
as hydraulic parameters i.e. orifice diameter and
water pressure, abrasive parameters i.e. type and size
of grit, and flow rate of abrasives, mixing parameters
like diameter and length of focusing nozzle, cutting
parameters such as standoff distance and traverse rate
of jet and the target material properties influence the
process outcomes such as material removal rate,
depth of penetration and the quality of kerf.
Efforts on AWJC of MMCs were limited to certain
feasibility studies that evaluated the ability of AWJs
for cutting different types of MMCs. Influence of jet
traverse rates (1 mm/s to 4 mm/s), abrasive flow
rates, in the range of 0.1 kg/min to 1 kg/min and
water pressures of 172 MPa to 310 MPa on the
roughness produced on cut surface of aluminumsilicon carbide (Al-SiC) and magnesium-silicon
carbide (Mg-SiC) MMCs were investigated [5].
Specimens with 7%, 11%, 15% of SiC reinforced in
cast aluminum alloy and 26.5% of SiC reinforced in
magnesium alloy were employed for AWJC studies.
Roughness measurements made on cut surface at
12.7 mm depth indicated an increase in roughness
with increasing jet traverse rate. Moreover, the
roughness has increased from 5 to 8 microns from the
top to bottom of cut. Interestingly, higher abrasive
flow rates reduced the roughness on cut surface from
6 to 4 microns. Most of the AWJC experiments were
conducted on rectangular block of 15% SiC-Al357
MMC produced through casting route and the
maximum depth of cut was observed to be around 58
mm. Metallographic examination of cut surfaces have
clearly showed that the shearing of SiC in matrix
material by AWJs. Garnet, SiC and alumina abrasives
of 80 and 150 mesh sizes were used to perform linear
cutting tests on 0.79 to 12.7 mm thick, Al-SiCp MMC
specimens, having 15% and 25% SiC reinforcement
in aluminum matrix [6]. This study was essentially
focused on the determination of cutting rates, surface
finish and the life of focusing nozzle. Jet traverse
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1. Introduction
Metal matrix composites (MMCs) possess certain
unique properties such as high strength and modulus,
good dimensional stability, and excellent resistance
to fatigue, creep, corrosion, and wear. All these
properties have made these materials to be used
extensively in automobile, marine, aerospace, and
electronic industries [1-2]. Though these composite
products are made to near net shape, certain internal
and external features are to be machined precisely to
utilize them for certain functional applications [3].
The major problem of machining MMCs with
conventional cutting tools is excessive wear of tools
that make direct contact with abrasive reinforcement.
Worn out tool produces higher cutting forces, poor
finish and eventually results in large processing costs
[4]. In order to overcome the interrupted use of
cutting tools for processing of MMCs, several
nontraditional machining methods such as electro
discharge machining (EDM), laser beam machining
(LBM) and abrasive water jet cutting (AWJC) have
emerged. Among these methods, AWJC is preferred
since it does not have the problems like recast layer
formation and thermal distortion that are noticed with
EDM and LBM processes. Moreover, AWJC is a
cool cutting process that removes the material by
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rates did not influence the cutting rates observed on
two different MMCs, prepared with 15% and 25% of
SiC reinforcement in aluminum alloy. But, the
roughness on cut surface has increased from 1.4
microns to 4.2 microns with jet traverse rates and
abrasive flow rates varied from 180 mm/min to 1140
mm/min and 0.113 kg/min to 0.45 kg/min
respectively. In any case, the cutting rates observed
on aluminum alloy were slightly higher than that
observed on MMCs. Cutting rates observed with SiC
and alumina were about 2 to 5 times higher than the
cutting rates observed with garnet abrasive. But, the
nozzle lasted only for 5 minutes with SiC and
alumina abrasives. Slot cutting experiments on 5 mm
thick 30% SiC/6061-T6 Al-MMC plates were
conducted to examine the geometry of kerf in terms
of kerf width, kerf taper and roughness on cut surface
with AWJs employing garnet abrasive of 80, 100 and
150 mesh sizes [4]. With increasing size of abrasive
particles and jet traverse rates, kerf taper has
increased. Examination of cut surface revealed that
the mechanism of material removal is due to both
cutting and deformation wear modes. 150 mesh size
garnet abrasives was used to conduct linear cutting
experiments on 13 mm thick Al-SiCp MMC
specimens prepared with 25%, 30% and 40% SiC
reinforcement in aluminum matrix material [7]. This
study essentially focused on the geometry of kerf
produced in MMCs by AWJs. Kerf width was found
to decrease from 0.8 mm to 0.42 mm over the depth
of cut observed from top to bottom of cut section. A
similar trend was observed on MMCs with increasing
percentage of SiCs and with jet traverse rates varied
from 0.85 mm/s to 1.69 mm/s. An increase in taper
on cut surface, with increasing percentage of SiC was
attributed to higher resistance offered by SiC to jet
penetration. The model developed for prediction of
depth of cut in ductile materials is suggested for
predicting the depth of cut in MMCs [8]. The
influence of garnet abrasive with mesh sizes of 80
and 100 and abrasive flow rates in the range of 0.114
kg/min to 0.2766 kg/min at shallow impact angles of
50, 100, 150, 180 and 200 on erosion rates was
investigated [9]. With any particular abrasive flow
rate, higher impact angles are found to increase the
erosion rates. However, 100 mesh size abrasive
produced lower rates of erosion over that noticed
with 80 mesh size. Erosion in composite material has
occurred due to microcutting of aluminum matrix
material and shoveling of SiCp with AWJs.
Machinability
of
AA2618/SiC/20p
and
A356/SiC/35p with different processes such as EDM,
LBM and AWJC was investigated [10].
AA2618/SiC/20p MMC specimen was produced
through spray deposition of 10-13 μm size SiCp on
base aluminum alloy whereas A356/SiC/35p MMC
specimen was produced through powder metallurgy
route by employing 13 μm size SiCp in aluminum
alloy. 80 mesh size garnet abrasives were chosen to
conduct AWJC experiments on 3 mm thick MMC

specimen. The material removal mechanism was
observed to be due to ductile shearing of aluminum
with garnet abrasives. Smaller size SiCp in MMCs
were pulled out by large particles of garnet abrasive.
Roughness (Ra) varied from 4.51 ȝm to 5.98 ȝm but
smoother surface was observed at lower values of jet
traverse rates. From the above, it is clear that AWJC
studies were attempted on MMCs with different
percentages of SiC reinforcement in matrix material.
But, the choice of abrasives employed for AWJC
studies was seen to be arbitrary. The methods chosen
for preparing MMC specimen mostly produced the
samples with a maximum thickness of 12.7 mm.
Form the review of literature, it is clear that attempts
made on the machinability of Al-SiCp MMCs with
different composition of SiC in aluminum matrix are
limited. Further, there is no attempt to simultaneously
examine the role of different types of abrasives and
their sizes on the penetration ability of AWJs in
different Al-SiCp MMCs. Hence there exists a need
to study the role of different abrasives in AWJC of
different types of Al-SiCp MMCs. In addition to this
it is also important to assess the maximum
penetration ability of AWJs in of Al-SiCp MMCs. In
order to address these aspects, the present study
attempts to conduct machinability experiments on
wedge shaped specimens of MMCs with AWJs
produced by 60, 80 and 120 mesh sizes of garnet and
silicon carbide abrasives.
3. Experimental method
3.1. Manufacture of Al-SiCp MMCs
Al-SiCp MMCs are generally produced by
reinforcing SiC particles in aluminum matrix material
which can be in solid, liquid or vapor states. Powder
metallurgy and diffusion bonding methods consider
the matrix and reinforcement in solid form to produce
MMCs. Stir casting, infiltration, and spray deposition
methods essentially combine solid reinforcement in
liquid matrix. In physical vapor deposition (PVD)
method, MMCs are produced by mixing the matrix
with reinforcement in vapor states. In powder
metallurgy, the appropriate amount of reinforcement
is mixed in matrix metal, degassed, hot compacted
and sintered to make the components of MMCs
through forging, rolling or extrusion routes [11].
With these methods, the thickness of plate is limited
to around 20 mm [12]. In deposition techniques,
individual fibers of SiC are coated with the matrix
material, and are then subjected to diffusion bonding
to make consolidated shape [13]. It is well known
that the manufacture of MMCs with deposition
techniques is quite cumbersome [2]. In stir casting
method, MMCs are produced by introducing
reinforcement into molten matrix material by stirring
action and then by solidifying it in the die. In
infiltration method, the melt is introduced into the
interstices of an assembly preform made from
reinforcing phase. In this method, the cost of tooling
is very high [14]. The dispersed refractory
reinforcement is created in the matrix material as a

International Journal of Applied Research in Mechanical Engineering, Volume-1, Issue-2

110

Role of garnet and silicon carbide abrasives in abrasive waterjet cutting of aluminum-silicon carbide particulate metal matrix composites

result of precipitation from the melt during its
cooling and solidification in in-situ process [2]. In
spray deposition technique, the droplet stream is
produced from a molten bath, or by continuous
feeding of cold metal into a zone of rapid heat
injection and then directing an atomized stream of
droplets onto a substrate. Ceramic reinforcement is
injected into the spray to produce MMCs. Among the
various methods, powder metallurgy (PM) and stir
casting methods are widely accepted routes to
manufacture MMCs. Since PM can only produce thin
samples, stir casting is generally seen as a promising
route to produce large sized MMC components.
Moreover, it is a simple and flexible process that can
produce large quantities at lower cost [15]. Hence,
the present work considered stir casting route to
prepare thicker samples needed for the proposed
investigations.
Figure 1 shows the geometry of specimen chosen for
performing AWJC studies. This specimen is wedge
shaped with an included angle of wedge as 250. This
particular geometry is generally chosen for
investigating the maximum penetration ability of
abrasive water jets in different materials [16-18]. In
fact, the wedge shaped specimen allows to determine
the full penetration jet into the target material with
any particular energy of jet. By measuring the length
of cut on slant surface of the wedge shaped specimen
(L), the maximum depth of penetration (ht) of jet in
the target materials with chosen set of parameters can
be determined by employing the relation: ht =
Lsin250.
To produce the specimens of different types of AlSiCp MMCs, different percentages of 80 mesh size
SiCp reinforcement is mixed in silicon based LM9
aluminum alloy matrix material. Chemical
composition of LM9 alloy obtained with optical
emission spectrometer is: Si 10.315%, Fe 1.172%, Cu
0.154%, Mn 0.319, Mg 0.625%, Zn 0.005%, Ti
0.023%, Ca 0.002%, P 0.001%, V 0.012%, Zr
0.003% and Al 87.371%. This particular alloy with
nearly 10% silicon was chosen as the matrix material
since it can easily be cast. Figure 2 shows the
photograph of a three phase electrical resistance
furnace with temperature controlling device to
prepare the melt. To prepare the specimen of MMCs,
ingots of LM9 with 100%, 95%, 90%, 85% and 80%
of aluminum alloy by weight are superheated to a
temperature of 800°C in graphite crucibles under a
cover of small quantity of flux in order to minimize
the oxidation of the molten metal and hydrogen
adsorption. The superheated molten metal was
degassed by adding 1.2% of hexachloro ethane
tablets at a temperature of 780°C in order to avoid
dewetting problem [19].
The molten metal
maintained at 720°C was vigorously stirred by a
stirrer at a speed of 550 rpm. This vigorous stirring
formed a vortex at the surface of the melt. At the side
of the vortex, preheated SiCp of 80 mesh size was
added to the melt to prepare a mixture of a composite

material. By adding different percentages such as 5%,
10%, 15% and 20% of SiCp to the melt, the molten
material needed for preparing different compositions
of Al-SiCp MMC specimens were made. During
stirring, 0.3% of magnesium was added to the melt in
order to increase the wettability of SiCp. By stirring
the molten mixture for about 5-8 minutes, SiCp in the
melt were ensured to be in a state of suspension [15].
The molten mixture was then poured into a wedge
shaped cast iron die (Figure 3) which is preheated to
a temperature of 200°C. During pouring of the melt
into the die, the temperature of the mix was
maintained at around 680°C which was then allowed
to solidify in the die itself. Figure 4 shows the
trapezoidal shaped specimen produced by stir casting.
Apart from these specimens, cylindrical specimens of
36 mm diameter by 22 mm long were also produced
by the same method. Figure 5 shows the set of
specimens produced for characterizing the properties
of MMCs.
3.2. Characterization of Al-SiCp MMC specimens
In order to characterize the properties of specimen
produced by stir casting, standard methods employed
for measuring the density of MMCs and the
distribution of SiCp in MMCs were followed [19]. 5
mm thick plates of MMC cut from a cylindrical bar
were polished on belt grinder with 100 mesh size
abrasives. These plates were subsequently polished
by using 180, 220, 400 and 550 mesh sizes of emery
paper. While polishing these specimens with 400
mesh size emery paper, water was continuously
supplied to the zone of polishing. These specimens
were further polished by using diamond paste and the
surfaces were etched with kellers reagent (190 ml
water, 5 ml nitric acid, 3 ml hydrochloric acid, 2 ml
hydrogen fluoride). All these polished specimens
were dried with hot air. These surfaces of polished
specimens were observed under optical microscope
to know the distribution of SiCp in different
composition MMCs. Volume fraction of SiCp in each
of the specimen was determined by using the image
processing software supplied with optical
microscope. To analyze the effect of SiCp on
hardness variation over different specimens, hardness
was measured at the centre and outer periphery of the
specimen by means of Vickers hardness tester. In this
test, load of 5 kg was applied on the specimen for a
duration of 15 seconds. These measurements were
made twice on each specimen at identified locations
and the average hardness of each specimen was
found out. Density of MMCs was measured by
employing Archimedes principle. The buoyant force
on a submerged object is equal to the weight of the
fluid displaced. This principle is useful for
determining the volume and therefore the density by
measuring its mass in air and its effective mass when
submerged in water. This effective mass under water
will be its actual mass minus the mass of the fluid
displaced. The difference between the real and
effective masses therefore gives the mass of the
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displaced water and allows the volume of the object
to be calculated. Mass divided by the volume thus
determined gives the density of the object. Then the
density of each specimen was obtained by averaging
the four readings taken over the plates. In order to
examine the nature of interaction of AWJ with
composite material and the surface produced by
AWJC, a small portion of cut surface was examined
under Scanning Electron Microscope (SEM) at
different magnifications varied between 120 and 300.
3.3. Experimental procedure
To study the influence of type and size of abrasives,
cutting experiments were conducted on different
specimens of Al-SiCp MMCs by using an injection
type AWJC system. Figure 6 shows the arrangement
of wedge shaped specimen under the cutting head of
the system. The specimen was rigidly held in a
fixture so as to avoid its displacement during cutting
trials. In AWJC system, the intensifier is capable of
generating a maximum water pressure of 360 MPa
with a rated discharge of 2.2 l/min. All the
experiments were conducted with a standoff distance
of 2 mm maintained between the tip of focusing
nozzle and the work. The jet was made to strike the
specimen at an angle of 90 degrees and then traversed
over the length of the specimen only once in order to
observe its maximum penetration into the specimen.
The maximum penetration of jet into the target
material was realized by observing the splashing of
jet. Table 1 presents the details of work specimens
and the values chosen for each of the process
parameters. In this study, it is proposed to consider
the base alloy i.e. matrix material and four different
compositions of Al-SiCp MMCs. The cutting
experiments were conducted on each specimen by
considering the four input parameters (factors) with
each of the factor being varied at three levels. Full
factorial
experimentation
requires
81
(34)
experiments on each specimen, thus 405 experiments
over five specimens. In order to reduce the time and
cost for experimentation, the present study
considered L9-a fractional factorial experimental
plan. With this, the total number of experiments on
each sample will reduced to 9 (34-2 = 9). Each set of
experiments were conducted at different locations of
the sample in order to take care of non-uniform
distribution of SiC particles in matrix material. Each
set of experiments on each specimen was repeated
and the average of two depths was taken as the
maximum depth of penetration with each setting.
Thus, the total number of experiments conducted on
these specimens amounts to 90. These experiments
were conducted by using both garnet and SiC
abrasives in the waterjet. Therefore, the total numbers
of experiments conducted were 180. For all these
experiments, the size of focusing nozzle chosen was
approximately five times the size of abrasive particle,
and 3-4 times the size of orifice [20-21]. The
maximum depth of penetration (ht) with each set of

parameters was determined by following the
procedure outlined in the section 3.1.
4. Results and discussions
In table 2, the material properties of base metal,
different MMCs and properties of abrasives are
presented. From these results, it can be seen that the
volume fraction of SiC in different specimens was
slightly lesser than the actual percentage of SiCp
added to the melt during the manufacture of different
MMCs. This could be attributed to the nature of
mixing SiCp in the melt and uneven distribution of
SiCp in the casting. Addition of SiCp in LM9 alloy
improved the density and hardness of MMC
specimens. These properties are found to agree very
well with the properties of MMCs produced with
other methods of manufacture [19].
Figure 7a and Figure 7b show the optical
micrographs taken on polished specimens, of Al-SiCp
MMCs, with 10% SiCp in matrix material. Figure 7a
shows the unreinforced area on MMC i.e. aluminum
matrix material. At higher magnification of 1000x,
silicon flakes in aluminum matrix material i.e.
eutectic mixture can be observed. At higher
magnification of 500x, proper bonding between
reinforcement and matrix can be observed at some
locations in Figure 7b. At the center of the same
image, fractured SiC particle is observed. It might
have occurred while cutting the sample from
cylindrical specimens or while polishing the
specimens for microstructral analysis. Black color
envelope can be noticed around SiC particles. This
can be due to the following. i) the nucleation of Si
and enrichment of the same in the melt around SiC,
ii) gas layer surrounding the SiC particles avoids
intimate contact between reinforcement and matrix
and this porosity may appear as black in color, iii) the
sample may not be planar and hard ceramic
reinforcement in soft matrix may protrude if
polishing is done for a longer time or iv) the presence
of reaction product (Al4C3). Figure 7c to Figure 7f
show the optical micrographs taken on polished
specimens, chosen from Al-SiCp MMCs, having 5%,
10%, 15% and 20% of SiCp in matrix material
respectively. It can be seen from these images that
the distribution of SiCp in these specimens is more or
less uniform when the composition of SiCp in LM9
alloy is up to 15%. Even at lower percentages of SiCp
in MMCs, segregation of SiCp reinforcement can be
observed. However, this is more severe with higher
percentage of reinforcement in matrix material. Close
observation of the micrograph taken on 20% SiCp
MMC showed more agglomeration of SiCp. This can
be due to the fact that the dispersed SiC particles will
be pushed by the growing dendrites into the last
solidifying interdendrite regions due to the lower heat
diffusivity of SiC particles compared to aluminum
melts.
Table 3 shows the depth of penetration on different
MMCs with different process parameters. From the
results, it can be noticed that the variation in depth of
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increasing water pressure. Increased waterjet pressure
increases the kinetic energy of waterjet and this
energy is imparted to abrasive particles which can
thus result in higher depth of penetration. Beyond
175 MPa, the increase in depth of penetration is
marginal which indicates the existence of critical
threshold value of waterjet pressure for maximum
penetration of jet into MMCs [20]. With increasing
flow rate of abrasives, the mean depth of penetration
has increased steadily due to the participation of large
number of abrasives in eroding the target material.
On the contrary, an increase in jet traverse rate
reduced the mean depth of penetration. This can arise
due to shorter dwell time of waterjet impacting the
target material and due to lesser number of abrasive
particles participating in erosion of target material.
But the trend of variation in the mean depth of
penetration with different sizes of abrasives is
completely different. When the size of abrasive is
changed from 60 to 80 mesh size, the depth of
penetration has increased. But the abrasives with a
mesh size of 120 have again reduced the mean depth
of penetration. Smaller size of abrasives are likely to
posses lesser kinetic energy thus resulting in smaller
depths of penetration. Theoretically speaking, larger
size abrasives should result higher kinetic energy and
can produce larger depths of penetration. To
accommodate larger size abrasive particles, larger
size of focusing nozzle are generally used. But, larger
size of focusing nozzle decreases the jet energy
density and thus makes the entrainment of abrasive in
the jet as inefficient which can inturn reduce the
cutting performance of AWJs [17, 20 and 22]. A
closer look at the trends of mean depth of penetration
with different types of abrasives show that the change
in depth of penetration observed with SiC abrasives
is marginal over that noticed with garnet abrasives.
However, with 80 mesh size silicon carbide abrasive,
this change is quite significant. This can be clearly
seen from the results presented in Table 3. Since SiC
abrasives possess higher hardness (18-25 GPa) than
garnet abrasives (12-13 GPa), they can penetrate to a
greater extent into the target material.
In order to understand the mechanism of material
removal in AWJC of MMCs with different types of
abrasives prepared, a small portion of cut surface was
observed under the SEM. Figure 10a and 10b show
SEM micrograph of cut surface on 20% SiCp-MMC
cut with abrasive water jet generated by employing
water pressure of 250 MPa, abrasive mass flow rate
of 0.026 kg/min, jet traverse rate of 110 mm/min and
80 mesh size garnet and SiC abrasives respectively.
Figure 10c and 10d show the micrographs of cut
surface on 10% SiCp-MMC cut by AWJ produced by
water pressure of 250 MPa, abrasive mass flow rate
of 0.074 kg/min, jet traverse rate of 80 mm/min and
60 mesh size garnet and SiC abrasives respectively.
Figure 10e and Figure 10f show micrographs on cut
surface on 20%SiCp-MMC cut by water jet with
water pressure of 175 MPa, abrasive mass flow rate

penetration, on different MMCs with varying
percentage of SiCp, is quite arbitrary. Depth of
penetration in base material and different MMCs
from 5 to 15% SiCp in aluminum matrix, with
waterejet pressure of 100 MPa, abrasive mass flow of
0.044 kg/min, traverse speed of 80 mm/min and SiC
abrasive of 80 mesh size decreased steadily.
Contrastingly, the depth of penetration noticed on
20% SiCp-MMC was higher even though the
hardness of the target material is higher than the other
materials. Similar trends are more or less seen with
other conditions also. Such fluctuating results could
arise due to the non-uniform distribution of SiC
particles in MMCs prepared by stir casting. Further,
the improper bonding between the matrix and the
reinforcement, the agglomeration of SiCp in Al-SiCp
MMCs and voids/gas porosity/chemical reaction
products could cause such results. Similar trends of
material removal were noticed with both types of
abrasives i.e. garnet and SiC abrasives. A careful
study of results presented in Table 3 show that the
combination of input parameters is found to influence
the penetration of jet into the target materials quite
significantly. Waterjet pressure of 175 MPa, abrasive
mass flow rate of 0.074 kg/min, traverse speed of 50
mm/min and abrasive size of 80 gave a maximum
depth of penetration in all types of MMCs with both
garnet and SiC abrasives. In contrast to this, waterjet
pressure of 175 MPa, abrasive mass flow rate of
0.044 kg/min, traverse speed of 110 mm/min and 60
mesh size abrasives of garnet and SiC abrasives
produced very low depths of cut in all materials. This
clearly illustrates the significant change in depth of
penetration with a change in abrasive mass flow rate,
jet traverse rate and size of abrasive. But, with 50
mm/min traverse speed, watejet pressure of 250 MPa,
abrasive flow rate of 0.044 kg/min and 120 mesh size
of abrasives yielded only 15-20% lower depth of
penetration than the maximum depth of penetration.
Thus, the change in depth of penetration could be due
to a change in waterjet pressure, abrasive mass flow
rate and size of abrasive. Careful observation of the
results clearly indicates that 80 mesh size abrasive
gave higher depth of penetration in all MMCs
irrespective of the process parameter chosen.
Similarly, AWJ with SiC abrasives has higher
penetration ability in different materials over that
generated with garnet abrasives. However, the exact
influence of these parameters on depth of penetration
cannot be known from this analysis. In order to
identify the prominent role of process parameters and
abrasive materials, the results are further analyzed by
statistical methods. In this, mean effects plot for
depth of penetration can show the trends of variation
in depth of penetration with different parameters.
Figure 8 and Figure 9 show the trends of variation in
mean depth of penetration observed with different
parameters such as water pressure, abrasive flow rate,
jet traverse rate and the size of garnet and SiC
abrasives. Mean depth of penetration increased with
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of 0.026 kg/min, jet traverse speed of 80 mm/min and
120 mesh size garnet and SiC abrasives respectively.
From all these micrographs, it is clear that the type of
fracture on matrix material appears to be non-planar
and ductile fracture. In contrast to this, the planar
fracture observed on SiCp in MMC clearly indicates
brittle fracture. Ploughing of reinforcement can be
observed in the Figure 10d. This selective erosion of
material with high velocity AWJ can be attributed to
i) differences in hardnesses of particulate (25 GPa)
and matrix materials (67.1 MPa), ii) voids or gas
porosity around SiC particle indicating improper
bonding between the reinforcement and matrix
material, iii) ploughing of reinforcement due to
insufficient energy to cut the reinforcement but
sufficient to cut the matrix material. In all these
micrographs, the fracture surface on the matrix
material show up a texture that can result due to the
interaction of randomly oriented abrasives striking
the material at different impact angles [9].
From these observations, it is clear that the mode of
material removal is due to fracture and ploughing of
reinforcement in MMC and ductile fracture of matrix
material. However, there is no significant change in
the mode of material removal in different MMCs
with garnet and SiC abrasives. From all the above, it
is clear that the choice of 80 mesh size SiC abrasive
is important for effective processing of Al-SiCp
MMCs.
5. Conclusions
In this work, an attempt is made to investigate the
penetration ability of AWJs, formed with 60, 80 and
120 mesh sizes of garnet and SiC abrasives, on AlSiCp MMCs with 5, 10, 15 and 20 percentages of
SiCp in LM9 aluminum alloy. These studies were
conducted on 70 mm thick wedge shaped specimens
produced by stir casting method. Optical micrograph
images showed that the distribution of SiCp is almost
uniform in 5% to 15% Al-SiCp MMCs. But, 20% AlSiCp MMC showed agglomerates of SiCp.
Experimental investigations revealed the choice of 80
mesh size SiC abrasive for achieving the higher depth
of penetration of AWJ in Al-SiCp MMCs. SEM
examination of as-cut surfaces clearly disclosed the
possible mechanism of material removal as fracturing
and ploughing of SiCp and ductile fracturing of
matrix material. Perhaps, the choice of abrasive
material and the size of abrasive used in AWJC of
Al-SiCp MMCs can depend on the size of SiC
particulate in matrix material and the size of focusing
nozzle employed in AWJC system.
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Fig.7d. Distribution of SiC particles in 10% SiCP-MMC (100X)
Fig.7e. Distribution of SiC particles in 15% SiCP-MMC (100X)
Fig.7f. Distribution SiC particles in 20% SiCP–MMC (100x)
Fig.8 Main effect plot (data means) for depth of penetration with
garnet abrasives
Fig.9 Main effects plot (data means) for depth of penetration
with SiC abrasives
Fig.10a. SEM photograph showing cutting of SiC reinforcement
by 80 mesh size garnet abrasives in AWJ (20%SiCP-MMC)
Fig.10b. SEM photograph showing cutting of SiC reinforcement
by 80 mesh size SiC abrasives in AWJ (20% SiCP-MMC)
Fig.10c. SEM photograph showing cutting of SiC reinforcement
by 60 mesh size garnet abrasives in AWJ (10%SiCP -MMC)
Fig.10d. SEM photograph showing cutting and ploughing of SiC
reinforcement by 60 mesh size SiC abrasives in AWJ (10%SiCPMMC)
Fig.10e. SEM photograph showing cutting of SiC reinforcement
by 120 mesh size garnet abrasives in AWJ (20%SiCP-MMC)
Fig.10f. SEM photograph showing cutting of SiC reinforcement
by 120 mesh size SiC abrasives in AWJ (20%SiCP-MMC)

Captions for figures
Fig.1 Geometry of MMC specimens used for depth of penetration
experiments
Fig.2 Furnace used to prepare specimens of Al-SiCp MMCs
Fig.3 Various parts of wedge shaped die
Fig.4 Shape of MMC specimens used for depth of penetration
experiments
FiG.5 Cylindrical MMC specimens for characterization
experiments
Fig.6 Setup for AWJC of wedge shaped MMCs
Fig.7a. Aluminum alloy with silicon flakes resulting eutectic
mixture (1000X)
Fig.7b. Higher magnified micrograph of SiCp (500X)
Fig.7c. Distribution of SiC particles in 5% SiCP-MMC (100X)
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Fig.1 Geometry of MMC specimens used
for depth of penetration experiments

Fig.2 Furnace used to prepare
specimens of Al-SiCp MMCs

Fig.4 Shape of MMC specimens used for depth of
penetration experiments

Fig.3 Various parts of the wedge
shaped die
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FiG. 5. Cylindrical MMC specimens
for characterization experiments
Fig.6 Setup for AWJC of
wedge shaped MMCs

Fig.7a. Al alloy with silicon flakes
resulting eutectic mixture (1000X)

Fig.7b. Higher magnified micrograph
of SiCp (500X)
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Fig.7c

Fig.7d

Fig.7e

Fig.7f

Fig.7c-7f. Distribution of SiC in 5%, 10%, 15% and 20 % SiCP-MMC (100X)
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Fig.8 Main effects plot (data means) for depth of penetration with garnet
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Fig.9 Main effects plot (data means) for depth of penetration with SiC abrasives

Planar fractured
surface of SiC

Fig.10a. SEM photograph showing cutting of
SiC reinforcement by 80 mesh size garnet
abrasives in AWJ (20%SiCp-MMC)

Fig.10b. SEM photograph showing cutting
of SiC reinforcement by 80 mesh size SiC
abrasives in AWJ (20%SiCp-MMC)

Removal of SiC
particle by
ploughing

Fig.10c. SEM photograph showing cutting of
SiC reinforcement by 60 mesh size garnet
abrasives in AWJ (10%SiCp-MMC)

Fig.10d. SEM photograph showing cutting and
ploughing of SiC reinforcement by 60 mesh
size SiC abrasives in AWJ (10%SiCp-MMC)

Ductile fracture of
matrix material

Void-a stir
casting defect

Fig.10e. SEM photograph showing cutting of
SiC reinforcement by 120 mesh size garnet
abrasives in AWJ (20%SiCp-MMC)

Fig.10f. SEM photograph showing cutting
of SiC reinforcement by 120 mesh size
SiC abrasives in AWJ (20%SiCp-MMC)
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Captions for tables
Table1 Process parameters and list of target materials for experiments
Table 2 Properties of materials used in this study
Table 3 Maximum penetration depth achieved in different Al-SiCp MMC specimens with
different process parameters
Table 1 Process parameters and list of target materials for experiments
Work materials

Process Parameters
Waterjet pressure (MPa)
Abrasive flow rate (kg/min)
Jet traverse speed ( mm/min)
Types of abrasives :Garnet and
SiC and their mesh sizes
Sapphire Orifice diameter (mm)
Tungsten carbide Focusing nozzle
diameter (mm)

100% aluminum alloy, 5% SiC-MMC,
10% SiC-MMC, 15%SiC-MMC and
20%SiC-MMC
Level-1
Level-2
Level-3
100
175
250
0.026
0.044
0.074
50
80
110
60
80
120
(0.254mm) (0.165mm) (0.102mm)
0.4
0.25
0.15
1.2

0.76

0.76

Table 2 Properties of materials used in this study
Abrasive
materials

Work materials
No.
1
2
3

Property
3

Density (g/cm )
Volume fraction
Vickers
Hardness

100%
Al.alloy
2.60
67.1
(MPa)

95% Al. alloy
+ 5% SiCP
2.61
4.45
71.6
(MPa)

90% Al. alloy
+ 10% SiCP
2.65
8.64
73.6
(MPa)

85% Al. alloy
+ 15% SiCP
2.68
12.86
74.7
(MPa)

80% Al. alloy
+ 20% SiCP
2.70
16.12
77.8
(MPa)
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Garnet

SiC

4.0
12-13
(GPa)

3.2
18-25
(GPa)
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Table 3 Maximum depth of penetration achieved in different Al-SiCp MMC specimens with
different process parameters

N
o

P
(MP
a)

1

100

2

175

3

250

4

100

5

175

6

250

7

100

8

175

9

250

m
(kg/
min)

0.04
4
0.07
4
0.02
6
0.07
4
0.02
6
0.04
4
0.02
6
0.04
4
0.07
4

u
(mm
/
min)

Abrasi
ve
size
(#)

100% Al.
alloy
Garn
et

SiC

Depth of penetration (mm)
95% Al.
90% Al.
85% Al.
alloy
alloy
alloy
+ 5% SiCP
+ 10% SiCP + 15% SiCP
Garn SiC Garn SiC Garn SiC
et
et
et

80% Al.
alloy
+ 20% SiCP
Garn SiC
et

80

80

4.68

4.96

4.11

4.82

4.12

4.75

3.72

3.78

5.36

5.46

50

80

23.0
1

21.8
5

27.2
5

23.6
1

28.7
4

22.3
1

24.6
9

80

9.41

9.02

9.92

9.83

9.11

7.91

9.78

23.2
4
11.2
5

28.7
1

110

28.7
9
10.8
9

110

120

2.28

3.4

2.88

3.98

2.27

2.73

2.48

2.27

3.09

3.4

80

120

8.55

8.52

7.39

8.52

7.59

7.8

8.17

9.15

7.59

8.76

50

120

18.6
7

23.9
8

19.4
4

21.3
1

18.9
3

23.0
7

19.8

20.5
7

19

20.1
5

50

60

2.73

3.23

3.27

3.4

3.8

4.19

2.48

3.15

2.69

3.05

110

60

1.74

1.6

1.6

1.64

1.6

1.6

2.13

1.85

1.6

1.45

80

60

5.08

4.89

4.18

4.61

4.75

5

5.04

5.33

4.33

4.54
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